Aims. We study the inner sub-AU region of the circumstellar environment of the UX Ori-type star KK Oph with near-infrared VLTI/AMBER interferometry. We are particularly interested in the inclination of the star-disk system, and we use this information to test the current standard picture for UX Ori stars. Methods. We recorded spectrally dispersed (R ∼ 35) interferograms in the near-infrared H and K bands with the VLTI/AMBER instrument. The derived visibilities, closure phases, and the spectral energy distribution of KK Oph were compared with two-dimensional geometric and radiative transfer models (RADMC). Results. We obtained visibilities at four different position angles. Using two-dimensional geometric models, we derive an axis ratio ∼3.0 corresponding to an inclination of ∼70
Introduction
UX Ori stars (UXORs) are young stars showing irregular brightness variations. A typical decrease of two to three magnitudes in the V band is observed for a few days to a couple of weeks. One of the current theories links these brightness variations to obscurations of the central star by orbiting dust clouds in an almost edge-on disk (Grinin et al. 1994; Natta & Whitney 2000; Grinin et al. 1991; Natta et al. 1997) . Variable contributions to the total luminosity by unsteady accretion onto the central star may also play a role (Herbst & Shevchenko 1999) . The location of the obscuring dust clouds is still an open question. Turbulent filaments at the location of the puffed-up inner rim may also create such short-lived obscuration events (Dullemond et al. 2003) . There might even be a puffed-up inner rim of variable height whose dust clumps occasionally intersect the line of sight. If the disk inclination in those systems were approximately face-on, alternative explanations of the UX Ori phenomenon would be required. In that case, the source of obscuration must be located outside the disk and in the vicinity of the star (Vinković & Jurkić 2007; Tambovtseva & Grinin 2008; Bans & Königl 2012) . The obscuration might also be triggered by the presence of perturbing bodies in the disk (Rostopchina et al. 2007; Demidova et al. 2010; Artemenko et al. 2010) .
KK Oph is a binary system with a separation of 1.5 arcsec whose primary, KK Oph A, is a UX Ori star with spectral type A6Ve (Leinert et al. 1997) . The companion, KK Oph B, is a T Tauri star with spectral type G6Ve (Carmona et al. 2007 ). KK Oph A, for simplicity hereafter referred to as KK Oph, is a highly irregular variable star located near the dark cloud B56 (Swope 1928; Herbst & Shevchenko 1999) . Photometric studies by Herbst & Shevchenko (1999) showed strong variations of two magnitudes in the V band. Yudin & Evans (1998) found that the wavelength dependence of polarization toward KK Oph is different from interstellar polarization, indicating a possible intrinsic property of the polarizing material.
In this paper, we present the first near-infrared interferometric observations of the UX Ori-type star KK Oph. In Sect. 2, we describe our observations and the data reduction. In Sect. 3, we A&A 551, A21 (2013) Table 2 ). Bottom: observed visibilities of the circumstellar environment (at four different PAs; color-coded) and visibility cuts (four lines; same color-coding as the observations) through the visibilities of our two-dimensional, elliptical Gaussian model. We fitted this two-dimensional Gaussian model to all visibilities instead of fitting one-dimensional visibility models to the visibilities corresponding to a single PA. (This figure is available in color in the electronic form.) discuss our geometric and radiative transfer modeling and the derived disk inclination of KK Oph. We present the results in Sect. 4 and a conclusion in Sect. 5.
Observations and data reduction
We observed KK Oph with the AMBER instrument of the Very Large Telescope Interferometer (VLTI) using the linear array configuration H0-G0-E0 and the triangle configuration H0-G1-I1 of the auxiliary telescopes (ATs) in April 2009 and February 2012, respectively (see position angle coverage in Fig. 1 ). Because the field-of-view of AMBER/AT observations is only 0.25 arcsec, the 1.5 arcsec binary companion has no influence on the visibility measurements of the primary star. The AMBER instrument (Petrov et al. 2007 ) combines up to three telescope beams creating spectrally dispersed three-beam interferograms. We recorded H-and K-band interferograms in the low spectral resolution mode (R ∼ 35) with a detector integration time (DIT) of 200 ms. The data reduction was performed using the data reduction software amdlib v3.0.3 1 . We selected 20% of the frames with the highest fringe signal-to-noise ratio (S/N) as described in Tatulli et al. (2007) and applied a histogram equalization method for piston correction . The observation log is shown in Table 1 . From the 2009 data (data set A; see Table 1) , we could extract H-and K-band visibilities between 1.6−1.8 µm and 2.0−2.4 µm. Due to poor seeing of 1.3 arcsec during the night of 2012-02-23, we could only extract K-band data from data sets B and C (Table 1) . Because data sets B and C were taken consecutively within one hour, we decided to average the visibilities and closure phases to improve the S/N. AMBER recombines the light of three telescopes, so we were also able to extract closure phases (see Fig. 2 , middle right). The 2009 data show average closure phases of 10.7±10.9
• and the 2012 data −3.4 ± 13.5
• , which imply a nearly centrosymmetric brightness distribution within the errors of our observations. For modeling and interpretation, we complemented our near-infrared AMBER data with existing mid-infrared MIDI data of KK Oph (Leinert et al. 2004 ).
Modeling
To characterize the size and shape of KK Oph, we fitted simple centro-symmetric geometric models to the observed visibilities. Because the visibilities depend on both the flux of the unresolved central star and the circumstellar structure, we first derived the visibility V circ of the circumstellar environment (i.e., exclusive of the central star)
where F is the stellar flux, F circ the circumstellar flux component, V the stellar visibility and V meas the measured visibility. We set V = 1, because the central star is unresolved by the baselines used in our observation (stellar radius ∼0.05 mas at d = 160 pc; Leinert et al. 2004) . The circumstellar-to-stellar flux ratio was derived for every spectral channel by fitting a Kurucz model (Kurucz 1979) to the spectral energy distribution (SED) data (Leinert et al. 2004 ) of KK Oph. We used a Kurucz model with the following stellar parameters: T eff = 8500 K, log (g) = 4, log (Z/H) = −2.5 for a stellar radius of R = 2.0 R at a distance of d = 160 pc (Leinert et al. 2004) . For the central wavelength in our H-and K-band data, we derived F circ /F = 6.6 for λ = 2.2 µm and F circ /F = 2.6 for λ = 1.7 µm. In Fig. 1 we plot the visibilities V circ .
Geometric ring and Gaussian models
Because the near-infrared visibilities of KK Oph (see Fig. 1 ) suggest an elongated structure, we fit two-dimensional geometric models (elliptical Gaussian and inclined ring) to our data. In these two-dimensional geometric models, we have three free parameters: the length r of the major axis (half-width-at-halfmaximum, HWHM, in the case of the Gaussian), the axis ratio a/b of the major axis a to the minor axis b, and the position angle (PA) of the minor axis. The best-fit solutions of these models were unable to describe the near-infrared visibility data well (1) HWHM of the major axis a.
(large χ 2 red ; see first two rows in Table 2 ). The disagreement between our data and the models is mainly due to the visibility values at the shortest baselines at ∼15 m. These visibilities suggest an additional extended component. To account for this extended component, we describe the model visibility V model by
where F ext and V ext denote the flux and visibility of the extended component. To keep the number of model parameters as low as possible, we first assumed a completely over-resolved extended component (i.e., V ext = 0) and thus obtained only one additional free parameter -the flux ratio f h between the circumstellar disk and the extended component. In subsequent steps, the size of the extended component is also a free parameter. We assumed that the emission of both components originates from the same physical structure. Therefore, the inclination angle and the axis ratio of both components was assumed to be the same. The bestfit parameters of these two-dimensional geometric models are summarized in Table 2 . We found that a single elliptical Gaussian or inclined ring model were unable to fit the near-infrared visibilities well. By introducing an over-resolved component, the corresponding χ 2 values are significantly reduced (see Table 2 ). The best fit was derived with a compact elliptical Gaussian plus an extended, concentric elliptical Gaussian component with an HWHM of the two major axes of 0.38 ± 0.19 AU and 1.32 ± 0.10 AU. We derived a flux ratio of the extended to the compact inner component of f h = 0.36 ± 0.06, an axis ratio for both Gaussians of a/b = 3.00 ± 0.03 and a PA of the minor axis of −26.0 ± 1.4
• on the sky. We also list the best-fit ring-model parameters in Table 2 , because we need these model parameters in Sect. 4.
Two-dimensional radiative transfer model of a disk and an envelope
For a more physical interpretation of our data, we used the axisymmetric radiative transfer code RADMC (Dullemond & Dominik 2004 ). This code can calculate parameterized circumstellar density structures with or without a vertical puffed-up inner rim. The code is well tested and used specifically for modeling circumstellar disks of young stellar objects (YSOs; e.g., Dullemond et al. 2003; Pontoppidan et al. 2007 ). A basic model consists of a central star surrounded by a circumstellar disk. The vertical density structure at a certain radius R is described by
H(R) = H(R disk )(R/R disk ) α denotes the pressure scale height at a given radius R, where R disk is the outer disk radius. The surface density Σ(R) is a parameterized function given by Σ(R) = Σ(R disk ) (R/R disk ) p . We calculated the models corresponding to hundreds of combinations of parameter values in order to obtain a roughly systematic scanning of the parameter space. The inclination and position angle are quite well constrained with errors of approximately 10%, whereas the other parameters are only roughly constrained with estimated errors in the range of 20−30% derived from the model differences. These large parameter errors are caused by the errors of the observations and the poor uv coverage. In other words, the presented radiative transfer model is not unique, but represents a first physical model that tries to simultaneously reproduce all interferometric and photometric data of KK Oph. In this radiative transfer model, we assumed an interstellar grain size distribution with n(a) ∼ a −3.5 (Mathis et al. 1977) with small grains (a min = 0.005 µm, a max = 1.0 µm) and large grains (a min = 1.0 µm, a max = 1000 µm). The dust composition is a mixture of equal parts astronomical silicates (Draine & Lee 1984) and amorphous carbon (Jager et al. 1998) . We calculated hundreds of models with different parameter combinations. However, we were unable to find a good fit of both the SED and near-and mid-infrared visibilities simultaneously.
Finally, to account for the extended component required in the previous section, we also added an envelope composed of small (0.5 µm) grains to the disk model. For this envelope component, we also tested other single grain sizes of 0.01 µm, 0.1 µm, and 1.0 µm for the extended envelope model but found a reasonable fit only for the single grain size of 0.5 µm. For the density distribution of this envelope, we assumed a simple power law ρ(r) = ρ 0 (r/r 0 ) −1 , where ρ 0 denotes the dust density at a A21, page 3 of 6 A&A 551, A21 (2013)
KK Oph A characteristic radius r 0 (see Kraus et al. 2008 ). However, this simple spherical envelope model was also not satisfying. It increased the goodness of the visibility fit but overestimated the required flux levels. Therefore, to decrease this flux level, we removed parts of the dust envelope in the polar regions resembling a cavity structure similar to bipolar outflow cavities found in many other YSOs (e.g., Whitney & Hartmann 1992; Weigelt et al. 2006) . For the assumed cavity in our model, we chose a simple cone geometry, which extends from the inner disk radius to the outer radius of the envelope (the cavity region was set to a constant density of 10 −90 g/cm 3 ). The envelope extends from the inner disk radius of 0.56 AU to 3 AU and shows an opening angle of the cavities of ∼40
• . The reference dust density at 1 AU is 1.8 × 10
−18 g/cm 3 . The disk component is a 70
• -inclined circumstellar disk with a puffed-up inner rim located at R sub = 0.56 AU and with a temperature T sub = 1100 K (see Table 3 ). The scale height of the rim is H rim /R rim = 0.04. The surface density profile drops with an exponent of p = −1.5. The parameters of our obtained radiativetransfer model are summarized in Table 3 . A near-infrared image of this model composed of the circumstellar disk and an envelope with cavities is shown in Fig. 2 (bottom) . With this model, 
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Notes. Our two-component model discussed in the text consists of the disk described in this table and an additional envelope with a cavity with an opening angle of ∼40
• extending from R sub to 3 AU.
we can simultaneously reproduce the near-and mid-infrared visibilities at all available position angles as well as the SED of KK Oph. However, other types of models based on other assumptions (e.g., models without the discussed cavities) may exist, of course, and may be able to reproduce the observations as well.
Discussion
The geometric modeling of the KK Oph data showed that the intensity distribution has a strong elongation and that an additional extended component is required to reproduce the visibilities. The best-fit two-dimensional geometric ring model consists of a ring-shaped intensity distribution with an inclination angle of ∼71 • (i.e., almost edge-on) located at a distance of ∼0.4 AU from the central star with an extended component contributing to 0.41 of the total near-infrared flux.
To compare KK Oph with other Herbig Ae/Be stars, we plotted its inclination-corrected K-band ring-fit radius into the sizeluminosity relation for Herbig Ae/Be stars (see Fig. 3 ). We show (1) the radius obtained with a model of a circumstellar environment consisting of just an inclined ring and (2) the radius of the model consisting of an inclined ring and an additional extended envelope component. Both radii are larger than the dust sublimation radius of ∼0.15 AU predicted for a dust sublimation temperature of 1500 K, but are roughly consistent with a dust sublimation temperature of ∼1000 K (see Fig. 3 ).
Our presented radiative transfer model consists of a disk with a similar inclination angle of ∼70
• and an additional dust envelope. Envelopes or halos were found in many previous studies of YSOs (e.g., Whitney & Hartmann 1992; Weigelt et al. 2006; Vinković et al. 2006; Monnier et al. 2006; Chen et al. 2012) . The PA of the minor axis of the elongated intensity distribution (system axis) is approximately −30
• . Therefore, the companion KK Oph B (PA = −112.8
• ; Herbig 2005) is located roughly in the disk plane (PA ∼ −120
• ), as illustrated in Fig. 2 (bottom), which supports binary formation models leading to coplanarity (Maheswar et al. 2002) .
The obscuration events of UX Ori stars can be explained by orbiting clouds in the circumstellar disk or disk atmosphere (Grinin et al. 1991; Natta & Whitney 2000; Vinković & Jurkić 2007) if the disk inclination is large enough, as, for example, the inclination of the disk of KK Oph (∼70
• ). The physical mechanism that can produce the required structure is still under debate, but it may be a centrifugally driven dusty disk wind (Bans & Königl 2012) . Our finding of an inclined disk agrees with other types of observations. The large optical depth toward KK Oph was already found by de Winter & The (1990) , who suggested a flattened dust geometry. Mora et al. (2001) found the rotational velocity of KK Oph to be 177 km s −1 , which is similar to the rotational velocity of the prototype star UX Ori (175 km s −1 ; Hillenbrand et al. 1995) and might be caused by a Table 2 ).
large inclination (Grady et al. 1996) . In an optical polarimetry study, Oudmaijer et al. (2001) measured the V-band polarization of KK Oph to 5.26%. With this V-band polarization and a V-band variability of ∼2 mag (Herbst & Shevchenko 1999) , UX Ori models by Natta & Whitney (2000) predict a disk inclination between ∼60−68 • , which is consistent with our measurement of ∼70
• .
Summary and conclusion
We presented the first near-infrared interferometric measurements of the UX Ori star KK Oph. The star was observed with the VLTI/AMBER instrument at four different PAs. The following results were obtained. The best-fit two-dimensional geometric model consists of two elliptical Gaussian components with an axis ratio of a/b ∼ 3 and a PA of the minor axis of approximately −26
• , which suggests the presence of a circumstellar disk with a large inclination angle of ∼70
• (i.e., almost edge-on). We used the twodimensional radiative transfer code RADMC for a more physical modeling of the KK Oph data. We found a model that is consistent with the near-and mid-infrared visibilities and the SED of KK Oph. This model consists of an ∼70
• inclined circumstellar disk with an additional extended envelope that consists of a spherical structure with cavities with an opening angle of ∼40
• . The PA of the system axis is approximately −30
• (see Fig. 2 , bottom). This suggests that the companion KK Oph B (PA = −112.8
• ) is located in the disk plane (PA ∼ −120 • ), which supports binary formation models leading to coplanarity. Our results support the hypothesis that the disks of UX Ori stars are seen under large inclination angles. Our measured large inclination angle of KK Oph agrees with several other studies (de Winter & The 1990; Leinert et al. 2004 ). More near-infrared interferometric observations with better uv coverage are needed in the future to reconstruct model-independent aperture-synthesis images of the disk and envelope of KK Oph.
